N -type CdO is a transparent conducting oxide (TCO) which has promise in a number of areas including solar cell applications. In order to realize this potential a detailed knowledge of the electronic structure of the material is essential. In particular, standard density functional theory (DFT) methods struggle to accurately predict fundamental material properties such as the band gap. This is largely due to the underestimation of the Cd 4d binding energy, which results in a strong hybridization with the valence-band (VB) states. In order to test theoretical approaches, comparisons to experiment need to be made. Here, synchrotron-radiation photoelectron spectroscopy (SR-PES) measurements are presented, and comparison with three theoretical approaches are made. In particular the position of the Cd 4d state is measured with hard x-ray PES, and the orbital character of the VB is probed by photon energy dependent measurements. It is found that LDA + U using a theoretical U value of 2.34 eV is very successful in predicting the position of the Cd 4d state. The VB photon energy dependence reveals the O 2p photoionization cross section is underestimated at higher photon energies, and that an orbital contribution from Cd 5p is underestimated by all the DFT approaches.
I. INTRODUCTION
CdO is a rocksalt metal oxide which is amenable to n-type doping resulting in high conductivity and optical transparency. It shows promise for device applications due to its ability to achieve high n-type carrier concentrations (∼10 21 cm −3 ) and high electron mobilities (220 cm 2 V −1 s −1 ) [1] [2] [3] . It is also a promising candidate to alloy with ZnO to form Cd x Zn 1−x O, potentially achieving devices operating across the visible spectrum [4, 5] . However, in order to exploit these potential applications a detailed knowledge of the electronic structure of both CdO and ZnO is required [6, 7] . In particular, predicting the band gap of these materials is crucial for most applications. However, many current theoretical approaches predict CdO to be a semimetal [8] . This is a result of the underestimation of the binding energy of the Cd 4d states, which results in strong p-d hybridization in the valence band (VB) and a reduction of the band gap. There have been several theoretical attempts to correct this problem including the use of hybrid functionals [9, 10] and GW quasiparticle calculations [11, 12] . These approaches have had some success in predicting the location of the shallow Cd 4d states and the band gap; however, they are also computationally more complex and therefore less widely applied. An alternative approach is LDA + U [13] [14] [15] , where an on-site, orbital dependent Coulomb term is added to the local density approximation (LDA) potential. This allows the position of the Cd 4d states to be corrected and should therefore improve the associated theoretical predictions. * j.j.mudd@warwick.ac.uk † c.f.mcconville@warwick.ac.uk
In order to assess the merits of these theoretical approaches, comparisons with experimental data need to be made. Photoemission is an ideal technique for this as it essentially allows the VB density of states (DOS) to be observed. To the best of our knowledge there have been two previous publications comparing theoretical predictions to experimental photoemission data for CdO, King et al. [16] and Dou et al. [17] . This work significantly extends both of these comparisons, by both the use of additional theoretical approaches and synchrotron-radiation techniques.
Synchrotron-radiation excited photoelectron spectroscopy (SR-PES) has been used to obtain both hard x-ray photoemission (HAXPES) data of the CdO VB and Cd 4d regions for comparison to density functional theory (DFT), and a series of CdO VB spectra over a range of photon energies to allow the VB orbital character to be investigated in more detail. With its higher incident photon energy, HAXPES is a preferred technique when comparing to theoretical calculations as it is more bulk sensitive than traditional photoemission [18] , allowing for better comparison with the theoretical bulk calculations. It is also of benefit that photoionization cross sections are smoothly varying at high photon energies, allowing trends to be more easily observed. Theoretically three DFT functionals were chosen (LDA, PBE-GGA, and LDA + U), due to their widespread availability and relative computational simplicity.
II. EXPERIMENTAL DETAILS
Epitaxial CdO(100) single crystal thin films were grown on r-plane sapphire substrates using metal organic vapor-phase epitaxy (MOVPE), further details of which can be found elsewhere [21] . The sample was prepared in ultra-high vacuum (UHV) by annealing at 550
• C for 45 min, an approach which has previously been shown to be very effective [16] . Prior to the PES measurements the surface order was confirmed by LEED, which showed a sharp (1 × 1) diffraction pattern indicating high surface quality. Additionally, no contamination was observed during the PES measurements.
Photoemission spectra were obtained at the I09 beamline of Diamond Light Source, UK. The I09 beamline offers photon energies from 100 eV to 18 keV, achieved using two canted undulators, providing both soft and hard x rays focused to the same point on the sample. Hard x rays (hν 2500 eV) were monochromated using a cooled Si(111) double crystal monochromator. To maintain sufficient energy resolution at the two highest photon energies an additional Si channel-cut high resolution monochromator, Si(444) for hν = 7935 eV and Si(004) for hν = 6054 eV, was used. Soft x rays (hν = 600 eV) [19, 20] .
were monochromated using a plane grating monochromator (300 lines/mm). The endstation is equipped with a VG Scienta EW4000 electron analyzer with ±30
• angular acceptance. In the experimental geometry at I09 shown in Fig. 1(a) , the photon beam is perpendicular to the electron emission direction. The photon beam is polarized in the plane of the orbit (horizontally) resulting in the electric vector being aligned with the electron emission direction. The sample was placed in a grazing incidence geometry (∼5
• ), with the surface normal in the plane defined by the photon beam and electron emission direction (p-polarized), thereby significantly enhancing the count rate. The experiments were performed at room temperature. The total experimental energy resolution is <0.6 eV, for all photon energies. All experimental data are shown with energy scales referenced to the valence-band maximum (VBM) to allow for comparison to the theoretical calculations.
III. COMPUTATIONAL DETAILS

A. Density functional theory
DFT calculations were performed using the full potential linearized augmented plane wave (FP-LAPW) method with local orbitals [22] , as implemented in the ELK open source code [23] . Calculations were performed on CdO in the rocksalt structure. Three different DFT functionals were applied; Perdew-Zunger local density approximation (LDA) [24] , Perdew-Burke-Ernzerhof generalized gradient approximation (PBE-GGA) [25] , and the LDA + U approach within the fully localized limit (FLL) [13] [14] [15] . The difficulty in applying this method is choosing a suitable value of U. Here a theoretically calculated value of U = 2.34 eV suggested by Janotti et al. [26] is used, applied to the Cd 4d states. Structural optimization was conducted with each functional by performing calculations over a range of unit cell volumes, and fitting the energy-volume curve with the Murnaghan equation of state [27] . From this the equilibrium lattice parameter was obtained, and this was used when calculating the band structures and partial density of states (PDOS). Convergence tests with respect to the plane wave cutoff and k-point mesh indicate the results are numerically converged to ∼5 meV. The wave functions inside the muffin tins were expanded up to l max = 8 and the plane waves were expanded with a cutoff of R 
B. Experimental comparison
DFT has been used to calculate the orbitally resolved PDOS. To allow comparison with experimental data the PDOS was multiplied by the one-electron photoionization cross sections, including an asymmetry correction. To obtain these one-electron photoionization cross sections, the tabulated values of the subshell photoionization cross sections, calculated by Trzhaskovskaya et al. [19, 20] , were summed and divided by the orbital occupancy of a free atom. As the Cd 5p shell is unoccupied in a Cd atom, the cross section was estimated by applying the In 5p/In 5s ratio to the Cd 5s cross section. The
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Cd 5p dipole asymmetry parameter was assumed to be equal to the In 5p dipole asymmetry parameter, a valid approach as the dipole asymmetry changes only weakly with atomic number. The resulting one-electron photoionization cross sections and β dipole asymmetry parameters are shown in Fig. 1 
(b).
The differential cross section including the dipolar and nondipolar asymmetry parameters, for linearly polarized light, is given by [30] 
(1) where P 2 is the Legendre polynomial, σ i is the photoionization cross section, β is the dipole asymmetry parameter, and γ and δ are nondipolar asymmetry parameters. The angle θ is defined between the polarization vector and the electron emission direction, and φ is defined as the angle between the photon propagation direction and the plane defined by both the electron emission direction and polarization vector, which in the experimental geometry used is always zero. As the nondipolar term displays odd parity, integrating over a symmetric θ range will result in no contribution from this term, and therefore no dependence on the nondipolar asymmetry parameters. Considering the ±30
• angular acceptance of the electron analyzer and performing the integration of Eq. (1), the total cross section can be written as
This expression is used to calculate the total cross section to be applied to each orbital when weighting the PDOS. The photoionization cross section weighted PDOS were then summed and convolved with a 0.7 eV FWHM Gaussian to account for lifetime and phonon broadening, and the finite experimental resolution.
IV. RESULTS AND DISCUSSION
A. Computational results
The key numerical results are shown in Table I , which also includes values from recently published hybrid functional (HSE 06) [9] , and GW quasiparticle calculations [11] . The calculated lattice parameters agree well with experiment and a Hybrid functional calculation, Burbano et al. [9] . b GW quasiparticle calculation, Dixit et al. [11] .
previous theoretical calculations [4, 9, 11, 21] . The calculated DFT band structures are shown in Fig. 2 , where clear differences between the functionals are visible. Both LDA and PBE predict CdO to be a semimetal, i.e., the conduction band minimum is below the VBM. This is clearly not consistent with experimental evidence, with the most recent optical measurements placing the direct band gap at 2.18 eV at room temperature [28] and XANES reporting an indirect gap of ∼0.9 eV [29] . PBE predicts the location of the Cd 4d states to be very similar to LDA but with a slightly narrower overall width. LDA + U shifts the Cd 4d states down by ∼2 eV. This opens a direct band gap of 1.34 eV. Although semiconducting behavior with a nonvanishing indirect gap is now predicted, both the direct and indirect gaps are still too small when compared to experiment. It is worth noting that more sophisticated computational methods such as hybrid functionals [9] can potentially predict the band gap much more accurately.
The partial density of states (PDOS) for each of the functionals is shown in Figs. 3(a)-3(c) . It is of note that, for all the functionals, the VB DOS is dominated by O 2p character, and the shape of this feature is very similar. PBE predicts a narrower VB than either LDA or LDA + U. The most significant difference is in the orbital character of peak I. LDA predicts this peak to have significant Cd 4d character resulting from the underestimation of the Cd 4d states binding energy. PBE shows the Cd 4d character of this peak to be much reduced giving roughly similar importance to Cd 4d and Cd 5s. For LDA + U the Cd 4d character of peak I is further reduced due to the Cd 4d states being shifted to lower energy reducing hybridization. This results in Cd 5s contributing more to the DOS in peak I than Cd 4d. The Cd 5p and O 2s components are also shown. These are often excluded due to their small contributions. However, at higher photon energies their importance to VB-PES increases as their photoionization cross section drops off much less rapidly than O 2p as shown in Figs. 1 and 5. 
B. Experimental comparison
A comparison between the three DFT functionals and experimental valence-band photoemission spectroscopy (VB-PES) measurements taken with a photon energy of 6054 eV is shown in Figs. 3(d)-3(i) . The higher photon energy compared to earlier studies [16, 17] decreases the surface sensitivity, which is beneficial in the case of CdO as it is known to exhibit surface electron accumulation [31, 32] , which is not representative of the bulk electronic properties. A Shirley background [33] has been subtracted across the whole region. The PDOS shown in Figs. 3(a)-3(c) have been weighted using the photoionization cross sections and asymmetry corrections appropriate for a photon energy of 6054 eV and then summed, as shown by the shaded gray region. The sum of weighted PDOS was then convolved with a 0.7 eV FWHM Gaussian, resulting in the red line. The experimental spectra and convolved DFT are normalized to peak II of the VB, and the same normalization was applied to both the VB and Cd 4d panels to allow the relative intensities to be observed.
The Cd 4d region in panels (d)-(f) of Fig. 3 show experimental data placing the Cd 4d state at ∼−8.70 eV, in good agreement with other photoemission measurements [16, 17] . Very significant differences between these functionals can be observed, as discussed previously. LDA and PBE place the Cd 4d states at approximately the same energy, and this is approximately 2 eV shallower than measured by experiment. LDA + U corrects for this disagreement extremely successfully, placing the Cd 4d states in very good agreement with the experimental data. This can also be compared to recent hybrid functional calculations placing the Cd 4d states at −7.4 eV [9] and to a recent GW quasiparticle calculation which places the Cd 4d states at ∼−9 eV [11] . It is interesting to note, however, that the shape of the Cd 4d states is better reproduced by LDA which shows two resolvable peaks as seen in the experiment. Due to the decreased interaction between the Cd 4d states and the VB predicted by LDA + U, and to a lesser extent PBE, the DOS within the Cd 4d states is increased. This results in these functionals overestimating the spectral weight of these states relative to the VB.
The VB region shown in panels (g)-(i) of Fig. 3 exhibits a two peak structure which is correctly reproduced by all the DFT functionals. However, it can be seen that all the DFT functionals underestimate the VB width, particularly PBE. This is consistent with previous results [16] . This also means that VB peak I is placed too shallow by around 0.5 eV when compared to the experimental data. The shape of peak II is best reproduced by LDA, which predicts a slightly wider peak than PBE or LDA + U. This is partly due to LDA assigning increased Cd 4d character to VB peak II. This is, however, offset by the fact that LDA also places the Cd 4d states much too shallow resulting in this effect. The additional Cd 4d character is also responsible for LDA giving VB peak I more spectral weight than observed in the experimental data. The relative intensities of peaks I and II in the VB region is best reproduced by LDA + U, which still overestimates peak I intensity. Figure 4 (a) shows VB-PES taken with photon energies ranging from 600 eV to 7935 eV. This approach allows the orbital character of VB to be identified by exploiting the change in photoionization cross sections. The spectra have been normalized to the maximum of VB peak II, following a Shirley background subtraction, to allow relative changes to be observed. The key changes in the VB shape observed experimentally are indicated by the two arrows labeled 1 and 2 in Fig. 4(a) . Arrow 1 shows that peak I of the VB increases strongly with photon energy relative to peak II. Arrow 2 indicates the region in the center of the VB which also increases relative to peak II, and this appears, like a broadening of peak II, with photon energy. Figures 4(b)-4(d) show the summed DFT PDOS after weighting with different photoionization cross sections as appropriate for each photon energy, and a convolution with a 0.7 eV FWHM Gaussian (as before) to allow direct comparison to the experimental data.
It can be seen qualitatively that the DFT simulations reproduce the trend of peak I increasing in relative intensity with photon energy, but none of the functionals reproduce this behavior quantitatively. The experimental data at the lowest photon energy shows peak I weaker than peak II. DFT doesn't predict any orbitals with lower PDOS in peak I than peak II, indicating the orbital character of the VB predicted by DFT cannot be correct. This result is independent of the photoionization cross sections applied. However, it can be seen that reducing the Cd 4d contribution to peak I, which is achieved by LDA + U, does significantly improve the experimental agreement. In the experimental data the relative intensity of peak I increases consistently towards the highest photon energy, whereas the simulations predict an initially rapid increase which slows toward the highest photon energy. To address this photon energy dependence, it seems likely that the photoionization cross sections may exhibit a more complex energy dependence than encapsulated by the one-electron cross sections applied here. The rate of decrease of the O 2p one-electron cross section with photon energy appears to be overestimated here, as this would result in the more rapid relative increase in peak I intensity with photon energy, as illustrated by the DFT models. Similar conclusions regarding the O 2p photoionization cross sections being underestimated at higher photon energies were reached in the case of β-PbO 2 [34, 35] and In 2 O 3 [36] , where alternative photoionization cross sections calculated by Scofield [37] and by Yeh and Lindau [38] were applied.
A possible explanation is that the very low O 2p cross section at higher photon energies is susceptible to enhancement by interchannel coupling with the much stronger O 2s or O 1s ionizations. Drube et al. [39] have recently shown that interchannel coupling of this sort may be significant well above threshold. In support of this idea we note that the agreement between theory and experiment does significantly improve with increasing photon energy. It is also interesting to note that the intensity ratio of peak I to II is quite well reproduced by all the DFT functionals at the highest photon energy. At this photon energy the VB-PES is dominated by Cd character, whereas at the lowest photon energy Cd and O contribute approximately equally, as shown in Fig. 5 . This might suggest that the photoionization cross sections are most accurate within an element and may contribute a larger error when comparing orbital character of two or more elements.
The increasing intensity in the center of the VB with photon energy, shown by arrow 2 at approximately −2.7 eV in Fig. 4(a) , is most probably a result of Cd 5p character in the center of the VB. The Cd 5p photoionization cross section decreases much less rapidly than O 2p with photon energy, so at higher photon energies its contribution becomes much more significant (see Fig. 5 ). While all the DFT functionals predict some Cd 5p character, it seems likely this contribution is underestimated, as the experimental data shows a much more significant change. Alternatively, the photoionization cross section for Cd 5p could be underestimated at higher photon energies. While this is possible due to the extrapolation required to obtain it, it would not be consistent with the trend in peak I which would then show a stronger photon energy dependence if this cross section was increased.
V. CONCLUSIONS
The VB electronic structure of CdO has been investigated with SR-PES, and comparisons to three DFT functionals have been made. The location of the Cd 4d states which have a significant effect on the theoretical predictions was not reproduced by either LDA or PBE-GGA. However, LDA + U applied using a theoretically calculated U value of 2.34 eV was very successful in predicting the location of these states. Experimentally, the VB shows a two peak structure which is correctly reproduced by all the DFT functionals. However, the VB width is underestimated in each case, and the application of LDA + U does not improve this. The photon energy dependence of the VB-PES was measured and compared to the theoretical predictions. All the DFT functionals qualitatively reproduced the observed behavior, with LDA + U again being the most accurate. The data obtained with the lowest photon energy indicated the orbital character of the VB was not completely reproduced by the DFT calculations. Additionally the center of the VB shows a photon energy dependence which wasn't adequately replicated by any of the DFT functionals. This was assigned to Cd 5p character and suggests it is underestimated by the DFT approaches. The trends observed with photon energy indicate that the O 2p photoionization cross section decreases too rapidly with increasing photon energy when compared with the experimental data. This trend is in agreement with observations made in previous studies [34] [35] [36] .
The change in VB shape with photon energy highlights the potential for this kind of approach in understanding orbital character present in the VB, and by varying the polarization even more detailed information can be obtained by allowing certain orbital character to be suppressed. In order to exploit this information further, improvements in the photoionization cross sections at the high photon energies relevant for HAXPES or one-step photoemission calculations will be required. All the DFT functionals applied here significantly underestimate the CdO band gap despite their successes in predicting the VB shape and Cd 4d position. This clearly illustrates the need for more sophisticated theoretical approaches such as hybrid functionals and GW quasiparticle methods, when investigating these materials. It is anticipated that these experimental results will be of use when assessing the successes of these approaches.
